The magnetoelectric coupling, a phenomenon inducing magnetic (electric) polarization by application of an external electric (magnetic) field and first conjectured by Curie in 1894, is observed in most of the multiferroics and used for many applications in various fields such as data storage or sensing. However its microscopic origin is a long-standing controversy in the scientific community. An intense revival of interest developed in the beginning of the 21th century due to the emergence of multiferroic frustrated magnets in which the ferroelectricity is magnetically induced and which present an inherent strong magnetoelectric coupling. The Dzyaloshinskii-Moriya interaction (DMI) well accounts for such ferroelectricity in systems with a non-collinear magnetic order such as the RMnO3 manganites. The DM effect is however inadequate for systems presenting ferroelectricity induced by quasi-collinear spin arrangements such as the prominant RMn2O5 manganites. Among different microscopic mechanisms proposed to resolve this incompatibility, the exchange-striction model stands as the most invoked candidate. In this scenario, the polar atomic displacements originate from the release of a frustration caused by the magnetic order. Despite its theoretical description 15 years ago, this mechanism had yet to be unambiguously validated experimentally. The breakthrough finally comes from SmMn2O5 presenting a unique magnetic order revealed by powder neutron diffraction. The unique orientation of its magnetic moment establishes the missing element that definitely validates the exchange-striction as the effective mechanism for the spin-induced ferroelectricity in this series. More generally, this is a proof of concept that validates this model on actual systems, facilitating the development of new generation of multiferroics with unrivaled magnetoelectric properties.
Magnetoelectric multiferroics, which couple simultaneous ferroelectric and magnetic orders present an unrivaled interest due to their strong magnetoelectric coupling (MEC) [1, 2] . They indeed offer for instance the opportunity to write a magnetic information by application of a small electric voltage, thus strongly reducing the energy consumption during data storage. Maximizing the cross-coupling between ferroelectricity and magnetism is thus of great importance for technological applications.
In this context, magnetically induced ferroelectrics attract much attention for their inherent MEC. In order to conceive new, optimized, spin-induced bulk multiferroics, one needs to elucidate the fundamental and challenging issue of the microscopic origin of the spin-induced ferroelectricity. The mechanism which has been first proposed is based on a spin current [3] involving antisymmetric DMI between noncollinearly ordered spins. Indeed, the DMI favors the displacement of the ligand anions from the bond axis between two magnetic sites. For some magnetic orders, such as the cycloids observed in the well-known hexagonal RMnO 3 manganites, such displacements lead to a macroscopic electric polarization [4, 5] . In orthorhombic RMnO 3 , another mechanism called Exchange-Striction (ES) is able to explain the electric polarization from a collinear magnetic order [6] [7] [8] . Recently a new family of manganites RMn 2 O 5 has renewed the interest for ES mechanism because in TbMn 2 O 5 [9] and GdMn 2 O 5 [10] , the electric polarization has been totally reversed via a modest magnetic field, revealing a strong magnetoelectric coupling. This is particularly interesting, since it is known that GdMn 2 O 5 presents the most important polarization reported (P b >3600µC.m −2 ) [10] . The quasi-collinear character of the magnetic ordering in the RMn 2 O 5 [9] family renders the DM scenario unlikely, that opened an intense debate concerning the microscopic origin of the strong MEC in the RMn 2 O 5 series [11] , reinforced by the recent discovery of a room temperature pre-existing polarization [12] . An emerging model has been first proposed in references [13, 15] . It involves an exchangestriction (ES) scenario [14, 16] , in which a structural relaxation induced by the relaxation of competing Heisenberg terms creates polar atomic displacements. However an experimental evidence is still missing to assess this scenario in this family.
Until now, the multiferroic behaviours observed for the [18, 19] . The size of R also affects the magnetic ordering characteristics. All members with small ionic radii rare earths (Z>64 (Gd)) which are ferroelectric, undergo the same series of transitions: i) a paramagnetic to an incommensurate magnetic (ICM 1 ) transition at T 1 , ii) an ICM to commensurate magnetic (CM) order at T 2 (usually associated with the ferroelectric transition), iii) a transition to another incommensurate order (ICM 2 ) at T 3 , iv) ultimately a possible transition ascribed to rare earth ordering. But for all of the RMn 2 O5, the magnetic moments always lie in the (a, b) plane and with a quasi-collinear spin alignment. This universal magnetic behavior for all ferroelectric members of RMn 2 O 5 is at the core of the difficulty to assess an ES mechanism. This systematic behavior associated with a quasi-collinearity of the spins is unfortunately not relevant to unequivocally validate any of the two magnetoelectric models. A compelling evidence would be a multiferroic compound with purely collinear moments. This case would definitely rule out the DM scenario and prove the validity of the ES mechanism. In this context, the compositions with intermediate R
3+
size, such as R=Sm and Gd, present a great interest from their key position between ferroelectric and nonferroelectric compounds, sustained by the discovery in GdMn 2 O 5 of a surprisingly large polarization [10] for the series. However, their magnetic structure determination have been complicated by the strong neutron absorption cross section of both Gd and Sm. In SmMn 2 O 5 , heat capacity measurements have evidenced three lambda-like anomalies at T 1 =35±2K, T 2 =28±2K and T 3 =6±2K [20] . At T 1 and T 2 , diverging peaks are observed in the thermal variation of the dielectric constant [21] . They correspond to the appearance of a weak electric polarization below T 1 , strongly enhanced below T 2 . Moreover, T 1 coincides with an anomaly in the magnetic susceptibility along the a direction [21] , while T 2 corresponds to a significant decrease of the magnetic susceptibility along the c direction. T 3 corresponds to a broad upturn of the magnetic susceptibility along the c axis, with a weak impact along the a direction, evidencing complex magnetic behaviors. In addition, recent magnetic X-ray diffraction studies have been performed [10, 22] . They have shown the participation of both the manganese and rare earth moments to the magnetic oder. However, these measurements were not able to give details on the magnetic structure. The accurate direction of the moments, their amplitude and couplings remained to be resolved.
To further understand the microscopic origin of the multiferroicity in the RMn 2 O 5 family, we carried out an extensive investigation of SmMn 2 O 5 , including its first neutron diffraction study. This work presents the accurate determination of its magnetic structure and shows for the first time that the spins are strictly co-aligned along the c direction. The exact collinearity of the moments unambiguously and definitively shows that the ferroelectricity in the RMn 2 O 5 family is driven by the exchange-striction model.
The measurements presented in this paper were performed on an isotope-enriched ( 154 Sm), high purity and high quality powder. The synthesis was carried out following the process described in reference [17] , starting from a 154 Sm enriched Sm 2 O 3 oxide. In order to study magneto-striction effects or structural distorsions at the magnetic and dielectric transitions, a synchrotron radiation diffraction experiment has been performed on the CRISTAL beamline at the Soleil synchrotron light source (Saint-Aubin, France). The measurements were performed using a two-circles diffractometer, with 21 analyzer crystals to improve the angular resolution, and a short X-ray wavelength of 0.48Å to reduce absorption effects. No symmetry lowering with respect to the average P bam 300 K space group was detected at low temperature. Refinements of the structure between 10 and 40 K show that there is no significant variations in the positions of the Mn and Sm ions, when comparing with the 300 K structure. The thermal variation of the lattice parameters, extracted from the refinements, does not present any significant anomaly. The absence of lattice distortion, symmetry breaking and lattice parameter modification in SmMn 2 O 5 contrasts with the case of smaller R compounds. Indeed, in TbMn 2 O 5 , superstructure reflections as well as reflections associated with a symmetry breaking have been observed on single crystals [23] below T 2 . The absence of significant structural effect at the ferroelectric transitions of SmMn 2 O 5 is surprising, since the electric polarization is 3 times larger than in TbMn 2 O 5 . This is probably due to the lack of sensitivity of the measurements performed on powder.
Neutron powder diffraction experiments were carried out on a 2 g powder sample on the G4.1 diffractometer (Orphée-LLB, CEA-Saclay, France). The neutron wavelength was 2.426Å. Measurements were performed by heating up the sample from 2 K to 300 K, with a step of 50 K above 50 K, and of 2 K below 40 K. The 1.5 K diffractogram is shown on figure 1. Refinements of the nuclear and magnetic structures were performed with the FULLPROF program [24] . Above a temperature very close to T 1 , the neutron powder diffraction (NPD) pattern is very close to the one at 300 K. Below (5)). Its components are close to the ones usually observed in the high temperature incommensurate phase of the RMn 2 O 5 compounds with smaller R [25] . While the a * component of q ICM1 is strictly commensurate, the c * component is incommensurate but very close to 1 3 and varies slightly with temperature between T 1 and T 2 . Below a temperature close to T 2 , the intensity of these reflections decreases, so that below 26 K they have totally vanished. Below T 2 , several new reflections appear. This new set of reflections can be indexed with a commensurate magnetic propagation wave vector q CM =(0.5 0 0). The intensity develops quite abruptly as a function of the temperature : this observation, alongside the coexistence of q ICM1 and q CM reflections, indicate a first order transition, in agreement with the thermal hysteresis on the susceptibility curve reported by [21] at this temperature. Finally, below a temperature close to T 3 , two new reflections indexed with a propagation wave vector q ICM2 =(0.5 0 0.335(5)) appear and coexist with the q CM reflections down to 1.5K. It is interesting to note that i) the intensity of the reflections of the CM phase remains constant below T 3 down to 1.5K, which indicates a true coexistence with the q ICM2 order, and ii) the intensities of the magnetic reflections in both q ICM1 and q ICM2 phases are different, indicating that the T 3 transition is not a reentrance of the q ICM1 phase.
Prior the magnetic structure refinement, we used symmetry analysis of the system. Despite the fact that no symmetry lowering with respect to the P bam space group can be seen in the PND experiment, the existence of a polarization along b at low temperature as well as the results of reference [12] clearly state a lower symmetry space group (Pm following reference [12] ). At this point one should remember that in quantum mechanics the (magnetic) space group of a system is defined as the space-time symmetry operations leaving its Hamiltonian invariant (G = {g, gĤ =Ĥg}). While describing a magnetic structure, the usage is rather to define the magnetic group as the symmetry operations leaving the magnetic pattern (the magnetic part of the wave function) invariant (G = {g, gΨ GS = Ψ GS ). These two definitions are quite different since in the Hamiltonian group (G) the ground-state wave function (Ψ GS ) may belong to any of the irreducible representations (irrep) of the group, and thus be symmetry related, but not invariant, under some symmetry operations. Let us first derive the Hamiltonian magnetic group G. The all-electrons Hamiltonian includes the kinetic energy and electrons repulsion terms (invariant under all orthogonal transformations of space as well as the time inversion), the electron-nuclei attraction (invariant under P m) and at least the spin-orbit couplingĤ SO . The magnetic group can thus be defined as the magnetic group issued from P m and leaving alsô H SO invariant. The rare-earth atoms R are located on the m mirror and should thus either belong to the m, m or m1 point group. One can show, with a bit of algebra, that while g = m commutes withĤ SO , this is neither the case for m and the time inversion τ . It results that the R point group should be m and thus that the SmMn 2 O 5 magnetic group G = P m . At this point one should remember that neutrons see the magnetic moments correlations functions, that correspond in an antiferromagnetic (AFM) system to one of the Néel determinants in the singlet wave-function. A q CM =(0.5 0 0) AFM propagation wave vector seen in neutron scattering thus corresponds for the ground state wave function to q GS CM =(0 0 0) and Ψ GS belongs to one of the Γ point irreps. Nevertheless for the sake of simplicity we will express the character table in the P 2a m Hamiltonian group (unique axis c) so that the symmetry of the Néel state will clearly appear. In this schema, the P 2a m group has four irreducible corepresentations (correp) of dimension 1 at the Γ point (See Supplemental Material at for the character table), yielding either to AFM or FM solutions along a, and moments either in the (a,b) plane or along the c direction for the R 3+ and Mn 3+ ions (the direction of the Mn 4+ ions are not symmetry constrained). Let us note that totally symmetric irrep Γ 1 corresponds to an in-plane AFM order as found in the Tb, Ho or Dy compounds [26] .
Let us now focus on the 6 K commensurate magnetic structure determination using Rietveld refinement and symmetry adapted modes derived from representation analysis and the usual magnetic group convention. The P bam to P m symmetry breaking being small, , the further analysis of the spin order will be conducted using the Pbam space group, in order to minimize the number of parameters. There are two irreducible representations of the little group G k . The magnetic represen- Note that the refinement is significantly improved when one introduces a partial order of the Sm 3+ spins (see Table I and figure 2), with a moment refined to 0.43 µ B , also along c. The thermal variation of the amplitude of the moments deduced from the refinement at various temperatures in the CM phase (See Supplemental Material at for the temperature evolution of the magnetic moments in Fig.1 ) emphasizes the fact that the contribution of the Sm, although very weak (0.2 µ B ) is already present at T 2 and progressively increases whith decreasing temperature. This feature is however not unique in this series. In K [26] . The magnetic ordering modeled from the neutron diffraction data at 6 K matches the model proposed by Ishii et al. [22] . The only difference lies in the direction along c of the moments for one pair of Sm 3+ , which is reversed in our present case, with respect to the result of reference [22] .
Comparing this magnetic structure with the correp of the Hamiltonian group P 2a m (See Supplemental Material at for the character table), one sees immediately that it belongs to the Γ 3 correp. Going now back to the magnetic group definition defined previously, one sees that the only possible symmetry operations issued from P bam and the time-inversion τ are G = {E, t a , m, m • t a } = P 2a m which defines the magnetic space group of SmMn 2 O 5 in its commensurate phase.
Below 6 K, two broad reflections appear at incommensurate positions. Their presence does not affect the intensity of the existing magnetic Bragg peaks. They are likely connected to a further ordering of the Sm moments, involving arguably an incommensurate modulation of their amplitude, or of their orientation with regards to the c axis.
This low temperature q ICM1 phase is very difficult to study because it involves only two very weak reflexions on the neutron powder diffractograms, thus offering a vast number of possible magnetic models. To improve the reliability of our modelings, we have tried magnetic configurations keeping the same magnetic orders between Mn
and Mn 4+ pairs. Our best attempts suggest that, in this q ICM1 phase, Mn 3+ and Mn 4+ moments are roughly aligned along the a direction, like in the other RMn 2 O 5 compounds. A contribution of the Sm moments can also be refined.
In comparison with the other members of the series, the magnetic structure of SmMn 2 O 5 in the commensu- at 30K for q ICM1 =(0.5 0 0.327). Φ = M, a rate phase presents some fundamental differences which are important to be properly addressed. The first one concerns the c * component of the propagation wave vector which strongly differs from the value of 1/4 usually observed in the series. The c * component of the propagation wave vector is known to depend on the nature of R : its size and its number of 4f electrons. However, a ferromagnetic ordering along the c direction has never been observed in this series, except for PrMn 2 O 5 . It indicates that the effective exchange coupling between the Mn 4+ through the Mn 3+ and R 3+ planes is always ferromagnetic [17] . The most stricking difference is however the alignement of the moments along the c direction in the CM ferroelectric phase. Indeed, SmMn 2 O 5 is exceptional in the series, since all the other members present magnetic moments within the (a, b) plane.
To understand the importance of such a result, we need to emphasize several details on the two main models, namely the DMI and ES models discussed in the introduction. On one hand, the DMI allows the magnetic order to induce an electric polarization only if the spins are not perfectly collinear. The induced polarisation can then be expressed as a function of the cross product between first neighbours spins: P∝ S i ∧ S j . Due to this vectorial nature, any change in the spins directions results in a change in the polarization. Since all the members of the family (excepted SmMn 2 O 5 ) present not fully-parallel moments in the (a, b) plane, and a polarization along the b axis, this model could not be excluded. In the SmMn 2 O 5 compound however, the magnetic moments are perfectly aligned, and thus the DMI cannot explain the existence of an electric polarization and even less its exceptionally large magnitude. On the other hand, ferroelectricity induced by ES can be expressed as a scalar product between neighbouring spins : P∝ S i . S j , maximal for perfectly parallel moments as found in the SmMn 2 O 5 compound. Let us remember that the exchange striction model is based on the lowering of the magnetic energy by lifting the equality of the four magnetic exchange terms involving J 3 within a unit cell. Indeed, due to the opposite signs of the S i · S j involving J 3 , its contribution is null within the unit cell for the P bam group symmetry (see figure 4) but not in the Pm symmetry. In order to increase/decrease the J 3 amplitude one has to act on the AFM/FM coupled spins and thus to increase AFM/FM aligned spins. In this aim one needs to increase/decrease the Mn 1 -O 4 -Mn 2 angle (see coupling analysis of reference [27] ). The involved atomic movements are (quasi) related by the a x, 1/4, z symmetry operation resulting in a global electric polarization essentially along the b direction. All this analyse applied in the particular case of SmMn 2 O 5 unables us to unambiguously conclude that the mechanism responsible for the magnetoelectric coupling in the entire RMn 2 O 5 5 series is the ES model. In summary, we report the first accurate magnetic structure of SmMn 2 O 5 in the ferroelectric phase deduced from Neutron Diffraction Experiment. In contrast to other RMn 2 O 5 compounds, SmMn 2 O 5 exhibits perfectly collinear moments oriented along the c axis. This unique property constitutes the missing fingerprint to unambiguously assert that Exchange-striction applies to RMn 2 O 5 and explains the strong polarization of the compound. This breakthrough in the understanding of the RMn 2 O 5 series gives a robust and universal starting point to investigate more advanced concepts such as the electromagnon, a mysterious manifestation of the magneto electric coupling in the dynamical channel.
We would like to thank L. Chapon for very fruitfull discussions. This work was supported by project CMCU PHC UTIQUE 15G1306. The work of M. Greenblatt was supported by NSF-DMR grant 1507252.
